Introduction: This study aimed to evaluate the occurrence of nocturnal hypoglycemia in type 1 diabetes (T1D) based on continuous glucose monitoring (CGM), and to explore the value of capillary glucose profiles in assessing the risk of nocturnal hypoglycemia. The study also intended to develop a predictive model to identify people with high risk of nocturnal hypoglycemia. Methods: A total of 169 participants with T1D received 3 days of blinded CGM; meanwhile, their self-monitoring blood glucose (SMBG) profiles were recorded. Logistic regression analyses were used to evaluate contributory factors of nocturnal hypoglycemia. Potential indicators were estimated using area under receiver operator curve (AUC) analyses. Results: During the retrospective CGM period, 95 (56.2%) participants with T1D reported 238 events of hypoglycemia, and 69 (29.0%) of these episodes occurred during the nighttime. Increased risk of nocturnal hypoglycemia correlated with lower HbA1c, glycated albumin, and mean blood glucose (OR = 0.790, 0.940, 0.651, respectively; P \ 0.05) and higher standard deviation, mean amplitude of glycemic excursions, and low blood glucose index (OR = 1.463, 1.168, 4.035, respectively; P \ 0.05) after adjustment for age and duration. Of the daily SMBG profiles, fasting blood glucose (OR = 0.643, P = 0.001) and blood glucose at bedtime (OR = 0.851, P = 0.037) were associated with the occurrence of nocturnal hypoglycemia. The BGn model, which was derived from the variation of capillary glucose, could discriminate individuals with increased risk of nocturnal hypoglycemia (AUC = 0.774). Conclusions: Nocturnal hypoglycemia constitutes nearly one-third of hypoglycemic events in people with T1D. Strict glycemic control and great fluctuation of glucose are potential contributory factors. Daily SMBG profiles and the BGn model could help assess the risk of nocturnal hypoglycemia in T1D, which may support further development of preventive strategies.
INTRODUCTION
Hypoglycemia is a frequent and feared complication in the management of type 1 diabetes (T1D). In the global HAT study, self-reported prevalence of hypoglycemia is 83% in people with T1D, much higher than that in insulintreated people with type 2 diabetes [1] . Nocturnal hypoglycemia was reported in 40.6% of people with T1D [1] . The Diabetes Control and Complications Trial (DCCT) revealed that around 50% of severe hypoglycemia episodes were observed during the nighttime [2, 3] .
Hypoglycemia has a profound influence on a patient's daily behavior, mental health, cardiovascular system, and central nervous system, resulting in an increased risk of cardiac morbidity and mortality [4] [5] [6] [7] . Nocturnal hypoglycemia, which is difficult to recognize and may persist for a long time, causes more harm to people with diabetes. Repeated or severe nocturnal hypoglycemia can cause fatal arrhythmia during sleep, leading to the ''dead in bed'' syndrome [8] . Therefore, nocturnal hypoglycemia needs to be addressed and resolved for T1D.
Blood glucose monitoring is essential to assess whether glycemic targets are being safely achieved [4] . The improvement of monitoring instruments, such as continuous glucose monitoring (CGM) providing detailed information about current glucose levels and trends, is beneficial for the detection and prevention of hypoglycemia [9, 10] . Nevertheless, CGM is still underutilized in the real world, with around 3% in the young and 14% in older patients [11] , probably because of low reimbursement rates and technical complexity. Capillary blood glucose testing, on the other hand, remains the fundamental method of self-monitoring of blood glucose (SMBG) in real-word clinical practice. To date, few studies have examined how the variation of glucose based on SMBG may affect the glucose levels during the nighttime. Figuring out the patterns of glucose change based on SMBG profiles may provide direct and practicable information to prevent hypoglycemia.
In this study, the occurrence of hypoglycemia in people with T1D was investigated according to CGM records. The effect of glucose levels and variation on the occurrence of nocturnal hypoglycemia were examined. Further, we explored whether it was possible to assess the risk of nocturnal hypoglycemia based on capillary glucose profiles during the daytime, which would be helpful for safe glycemic control overnight. Additionally, we intended to develop a predictive model to identify people who were likely to experience nocturnal hypoglycemia.
METHODS

Ethics Statement
The study was approved by the Ethics Committee of Drum Tower Hospital Affiliated to Nanjing University Medical School (2019-007-02). This was an observational study and the investigators got permission to obtain the anonymous data; thus, written informed consent was not required from each participant. This study was performed in accordance with the Helsinki Declaration of 1964 and its later amendments.
Study Design and Participants
The study was observational in design, and the data were retrospectively analyzed. A total of 169 people with T1D were included who attended the inpatient clinic of Nanjing Drum Tower Hospital during 2013-2019. Normally, inpatients in our department would be offered CGM when the disease condition and treatment regimen were stable. Individuals were eligible for inclusion if they received CGM for at least 72 h along with seven capillary glucose tests recorded each day. Exclusion criteria were acute complications of diabetes, severe infection or other stress statuses, history of alcohol intake, and use of oral drugs influencing glucose metabolism.
Clinical Investigations and Laboratory Determinations
Clinical characteristics were collected including gender, age, blood pressure, BMI, chronic complications associated with diabetes, and doses of insulin injection. Clinical laboratory measurements included HbA1c, C-peptide levels, urine microalbumin to creatinine ratio (UACR), and liver and renal function.
All the participants were monitored for 72 consecutive hours with a CGM instrument (iPro TM 2 Professional CGM, Medtronic). Realtime data were masked to the participants and retrospectively analyzed by the clinician. Sensors were inserted subcutaneously and calibrated according to the standard recommendations of the manufacturers. During the period of CGM, capillary glucose was tested (COUNTER TS, Ascensia Diabetes Care Inc.) seven times every day, including blood glucose before and after three meals as well as at bedtime.
Raw data from CGM records were uploaded using CareLink Therapy Management Soft-ware (Medtronic). Indices including standard deviation (SD), the largest amplitude of glucose excursions (LAGE), mean amplitude of glycemic excursions (MAGE), low blood glucose index (LBGI) as well as mean blood glucose (MBG), and mean absolute glucose (MAG) were calculated to estimate blood glucose variability.
Classification of Hypoglycemia
Hypoglycemia alert value (level 1) is considered as blood glucose of 3.9 mmol/L (70 mg/dL) or below, and clinically significant hypoglycemia (level 2) as blood glucose below 3.0 mmol/L (54 mg/dL). Severe hypoglycemia (level 3) is defined as severe cognitive impairment requiring assistance from another person or recovery. In this study, episodes of hypoglycemia based on CGM reports were defined as blood glucose of 3.9 mmol/L (70 mg/dL) or below for more than 20 min with a recovery interval of at least 30 min. If the glucose values of SMBG were inconsistent with CGM at the same time point, we referred to the former for diagnosis of hypoglycemia. Nocturnal hypoglycemia was defined as hypoglycemia occurring between 12 p.m. and 6 a.m.
Statistical Analysis
Statistical evaluation was performed by SPSS 23.0. Descriptive data were reported as mean ± SD where normally distributed or as median (IQR) where skewed. Student t test or the nonparametric Mann-Whitney U test was used to compare data where appropriate. Binary logistic regression analysis was used to disclose the contributory factors of nocturnal hypoglycemia by the LR method. Models revealing glucose variability and potential glucose values at night were established on the basis of SMBG data. One patient was not included in the BGn model because of missing data of blood glucose at bedtime preceding nocturnal hypoglycemia. Eight patients were not included in the DBG model because of missing records of blood glucose after dinner or at bedtime. The discriminatory ability of the models was evaluated by receiver operating characteristic curves (ROC) analysis and the area under the ROC curve (AUC). P values less than 0.05 were considered to indicate statistical significance.
RESULTS
Participants Characteristics
A total of 169 people with T1D were included in the current study, including 77 male and 92 female participants. The mean age of all the participants was 35.0 ± 17.2 years, between 6 and 72 years. Diabetes duration ranged from 0 to 30 years with an average duration of 6.3 years. According to CGM and SMBG reports, participants were further divided into a nonhypoglycemia group (n = 74) and a nocturnal hypoglycemia group (n = 45) for further analyses. Demographic characteristics of participants, treatment categories, and laboratory data in the two groups are shown in Table 1 .
Reporting of Hypoglycemia Based on CGM
During the retrospective CGM period, 95 of 169 (56.2%) participants developed hypoglycemia at least once, and 36 participants (21.3%) experienced hypoglycemia three or more times. Besides, nocturnal hypoglycemia occurred in 45 (47.4%) of the participants with hypoglycemia. Overall, 238 hypoglycemic episodes were reported; of these episodes, 200 episodes were level 1, 38 were level 2, and none was severe hypoglycemia.
Most of the hypoglycemia episodes occurred during the nighttime (29.0%), followed by before lunch (19.3%), before dinner (15.1%), after lunch (13.4%), at bedtime (10.5%), after dinner (8.4%), after breakfast (3.8%), and fasting (0.4%) ( Fig. 1 ). The mean level of blood glucose during each hypoglycemic period was 3.3-3.5 mmol/L with the lowest level of 2.2 mmol/L.
Contributory Factors of Nocturnal Hypoglycemia
Compared with the non-hypoglycemia group, patients in the nocturnal hypoglycemia group showed significantly lower levels of HbA1c, glycated albumin, and MBG; meanwhile levels of SD, MAGE, and LBGI were elevated in this group (Table 1) . Other factors including age, BMI, blood pressure, disease duration, insulin injection strategies, combination of metformin or acarbose, and LAGE were not significantly different between the two groups. Logistic regression analyses revealed that increased risk of nocturnal hypoglycemia was correlated with lower HbA1c levels (OR = 0.790, 95% CI 0.657, 0.951; P \ 0.05), glycated albumin (OR = 0.940, 95% CI 0.889, 0.994; P \ 0.05), and MBG (OR = 0.651, 95% CI 0.523, 0.811; P \ 0.001) and higher SD (OR = 1.463, 95% CI 1.007, 2.128; P \ 0.05), MAGE (OR = 1.168, 95% CI 1.033, 1.360; P \ 0.05), and LBGI (OR = 4.035, 95% CI 2.290, 7.109; P \ 0.001) after adjustment for age and duration. Thus, low blood glucose levels and large glycemic fluctuation were potential contributory factors for the development of nocturnal hypoglycemia.
Assessing the Risk of Nocturnal Hypoglycemia Based on Daily Capillary Blood Glucose
To examine whether the occurrence of hypoglycemia during the nighttime correlated with levels of capillary glucose during the daytime, glucose profiles of SMBG were compared between patients with nocturnal hypoglycemia and those without hypoglycemia. The nocturnal hypoglycemia group showed significantly lower levels of blood glucose before three meals, after dinner, and at bedtime ( Table 2) . After adjustment for age, duration, HbA1c and MBG, multiple logistic regression analyses showed that the risk of nocturnal hypoglycemia negatively correlated with blood glucose preceding bedtime (OR = 0.851, 95% CI 0.732, 0.990; P \ 0.05), as well as with fasting blood glucose the next day (OR = 0.643, 95% CI 0.491, 0.843; P \ 0.05). ROC analyses were performed to further investigate the cutoff values for discrimination of individuals with nocturnal hypoglycemia. Blood glucose at bedtime less than 6.8 mmol/L might indicate an occurrence of hypoglycemia during the nighttime with a sensitivity of 51.1% and specificity of 87.3% (AUC 0.719, P \ 0.05); the cutoff value for fasting blood glucose was less than 6.2 mmol/L (sensitivity 77.8%, specificity 72.2%, AUC 0.814, P \ 0.01) ( Table 3) .
Assessing the Risk of Nocturnal Hypoglycemia Based on Models Derived from SMBG
Participants in this study were all inpatients offered relatively fixed lifestyle intervention, and CGM was generally prescribed when they were in a stable condition. Therefore, glucose variability was mainly influenced by patients' intrinsic factors and pharmacokinetics of insulin. Next, we tried to figure out whether the risk of nocturnal hypoglycemia could be indicated by the variability of capillary glucose during the daytime. Based on SMBG profiles, two models were established to evaluate the risk of nocturnal hypoglycemia: (1) DBG = blood glucose at bedtimeblood glucose after dinner. This model revealed a decrease in blood glucose from post-dinner to bedtime. (2) BGn = blood glucose at bedtime 9 (1 -SD SM /MBG SM ). SD SM and MBG SM represented the standard deviation and the mean glucose levels before three meals and at bedtime just before the occurrence of nocturnal hypoglycemia. This model revealed the predicted blood glucose at night according to the variation of daily blood glucose. For the non-hypoglycemia group, DBG and BGn were calculated using the average values of capillary glucose during the last two days of the CGM period. Data are presented as mean ± SD t test was used for comparisons between the nocturnal hypoglycemia and non-hypoglycemia group Data of participants in the non-hypoglycemia group were retrieved and calculated on the basis of the second and third day of CGM records BG blood glucose, AUC area under receiver operator curve BGn = BG at bedtime 9 (1 -SD SM /MBG SM ); DBG = BG at bedtime -BG after dinner
Patients in the nocturnal hypoglycemia group showed significantly greater DBG [ -1.5 ( -2.5, 0.3) vs -0.6 ( -1.7, 0.7), P \ 0.05] and lower BGn (5.5 ± 2.1 vs 7.7 ± 2.2 vs, P \ 0.001) than those in the non-hypoglycemia group. Increased odds of nocturnal hypoglycemia were associated with lower BGn (OR = 0.588, 95% CI 0.464, 0.746; P \ 0.001) and greater DBG (OR = 0.828, 95% CI 0.696, 0.986; P = 0.034). After adjustment for age, disease duration, HbA1c and MBG levels, the BGn model could discriminate individuals with increased risk of nocturnal hypoglycemia (AUC ROC 0.774, P \ 0.001) with a cutoff point of 5.2 mmol/L (sensitivity 51.1%, specificity 94.5%). The AUC of DBG model was 0.646, and the cutoff point was -1.2 mmol/L (sensitivity 67.4%, specificity 66.2%) (Fig. 2 , Table 3 ).
DISCUSSION
Hypoglycemia is a common acute complication in people with T1D and can pose a constant danger to them and their families [4] . In our study, 95 of 169 (56.2%) participants reported hypoglycemia at least once during 3 days of CGM. Most episodes of hypoglycemia occurred during the nighttime, which was similar to our previous report in type 2 diabetes [12] . The increase in nocturnal hypoglycemia may be due to an attenuated awareness of discomfort and rarely performed self-monitoring of blood glucose [13] . Therefore, detection and prevention of nocturnal hypoglycemia should be especially addressed in people with T1D.
In the current study, low levels of HbA1c and glycated albumin were significantly associated with the occurrence of nocturnal hypoglycemia, indicating strict glycemic control as a potential risk factor for nocturnal hypoglycemia. This was supported by the DCCT studies, in which the intensive group was three times more likely to develop severe hypoglycemia [2, 3] . During the Epidemiology of Diabetes Interventions and Complications (EDIC) study, the risk of severe hypoglycemia increased by 13%-15% for a 10% lower HbA1c [14] . Nevertheless, another study observed a J-shaped relationship between HbA1c and hypoglycemia in T1D, suggesting that a high level of blood glucose also increased the risk of hypoglycemia [15] . Considering the heterogeneity in clinical characteristics and disease progression of T1D, targets of glycemic control should be individualized to ensure safely controlled diabetes.
Glycemic variability provides more information than the mean level of glucose for the evaluation of hypoglycemic risk [16, 17, 18] . In our study, CGM indices of glycemic fluctuation including SD, MAGE, and LBGI were positively correlated with the risk of nocturnal hypoglycemia. Many studies focused on predicting hypoglycemia or hyperglycemia via indices or algorithms based on CGM data [19, 20, 21] , which is fundamental for development of closed-loop insulin pump therapy. However, the application of these advanced technologies in the clinic is still limited worldwide. Capillary blood glucose monitoring remains widely used because of its convenience, accuracy, and low cost. SMBG via capillary testing is an important approach in lifestyle self-education for people with T1D. Besides, SMBG at some time points or glycemic tendency according to daily profiles may imply hypo-or hyperglycemia during the next few hours, especially when lifestyle and insulin therapy maintained stable.
In this study, we identified that fasting glucose and blood glucose at bedtime were good evaluators of nocturnal hypoglycemia risk even after adjustment for multiple variables. The ROC analysis-derived cutoff value of fasting blood glucose was 6.2 mmol/L, with a sensitivity of 77.8% and specificity of 72.2%. A similar study reported a cutoff value of fasting glucose of 7.5 mmol/L [22] . The inconsistent cutoff values reported may due to the different study populations, sample sizes, and lifestyles. Moreover, using Youden's index statistic, we discovered that blood glucose at bedtime of less than 6.8 mmol/L acted as a warning alarm for high risk of nocturnal hypoglycemia in people with T1D (sensitivity 51.1% and specificity 87.3%). This cutoff value was consistent with the glycemic target recommendations in the international guidelines [23, 24] .
Instead of time point capillary glucose, daily SMBG profiles provide more information about the variability of blood glucose. Mathioudakis et al. established a prediction model for insulinassociated hypoglycemia in non-critically ill hospitalized adults. The model is based on multiple variables including mean BG, nadir BG, BG coefficient of variation, age, weight, diet status, insulin doses, types of diabetes, stage of chronic kidney disease, and liver function [25] . The sensitivity and specificity of this model were 81.9% and 78.6%. Another study proposed an index (%CV SMBG ) derived from SMBG profiles to discriminate hypoglycemia in 60 people with T1D [26] . A %CV SMBG of over 44% provided the best discrimination ability with a sensitivity of 81.3% and specificity of 89%. These studies provided some clues for real-time preventive interventions in insulin-treated individuals, yet neither was specific for the occurrence of nocturnal hypoglycemia in T1D.
In the current study, the BGn model showed a discriminatory ability (AUC = 0.774) for individuals with an increased risk of nocturnal hypoglycemia. The specificity reached 94.5% when BGn was 5.3 mmol/L. It is more specific than studies mentioned above in estimating the risk of hypoglycemia during the nighttime. Besides, BGn was a simplified model only involving pre-meal and bedtime glucose, which was easier to comprehend and apply. In our study, the model was applied especially to people with T1D and was convenient to make a rapid assessment for the risk of nocturnal hypoglycemia.
There are several limitations in this study. The data were obtained from a population with a relatively small sample size. Analyses and models were made on the basis of data of inpatients; thus, application of our findings may require generally stable lifestyle and insulin regimens. A further prospective study is required to confirm the value of fasting blood glucose, blood glucose at bedtime, and the BGn model for predicting nocturnal hypoglycemia. Another limitation was that CGM measured glucose levels in the interstitial space, which could be inconsistent with capillary blood glucose and cause over-reporting of hypoglycemia.
CONCLUSIONS
Hypoglycemia frequently occurred during the nighttime in people with T1D. Low HbA1c, reduced mean blood glucose, and great fluctuation of glucose were contributory factors for nocturnal hypoglycemia. Individualized glycemic targets should be emphasized for safe control of diabetes. On the basis of capillary glucose profiles, fasting blood glucose, blood glucose at bedtime, and the BGn model were identified as potential indicators for nocturnal hypoglycemia. Our study addressed the detection and prediction of hypoglycemia during sleep in T1D, which may support further development of preventive strategies.
